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Introduction
Contactless power supplies which are being considered for application to battery-run or hybrid trains significantly decrease the danger of electric shocks or leaks as well as emitting low noise and having maintenance-free features.
While various contactless power supply systems exist, transformer systems in particular are suited to use on the railways considering the type of vehicle traction and capacity required, etc.
Transformer systems with low power transmission exist in practice in appliances such as toothbrushes and mobile phones, etc. However, few systems are available which provide transmission of over 100 kW which can be used on railway vehicles. In contactless systems however there is considerable loss during transmission, compared with contact-based systems, which must be reduced in order to achieve greater capacity. Moreover, the high cost of this type of system must also be resolved.
Loss of power supply in contactless systems is mainly from the AC resistance in the transmission coil and the power converter. Since railway vehicles are positioned at a right-angle to the track, transmission coils are generally equipped between the bottom of the vehicle and the rail. Given the proximity of the transmission coil to the rail in this configuration, it is very important to consider the influence of the rail, made of ferromagnetic material, on the transmission characteristics. From a cost point of view, it is also important to examine the power converter configuration, litz cable constitution to reduce the AC resistance and the magnetic core configured for the magnetic circuit. Although SiC (silicon carbide) power devices can be used for the power converter, and some clues have been identified to solve the abovementioned problems, though other points remain to be investigated.
This report describes the suggested coil configurations in a contactless power system for railways which address the issues raised above.
Contents of the discussion
Contactless transformer system based power supplies contain wound coils for both the power supply and power collection devices. Most of the loss during power transformation in contactless power supply derives from the copper loss of these coils [1] . When using high frequencies, copper loss is visible in the form of AC resistance, which increases with frequency. Usually, to suppress a rise in AC resistance, litz cables made of small-diameter insulated strands are used for coil winding. However, litz cables are expensive compared with common electric cables and terminal processing takes time and is labor intensive. A search was made to find methods to reduce AC resistance by replacing the litz cable with an alternative. To this end AC resistance was calculated using electromagnetic analysis on various cables, and AC resistance was measured using wound test coils.
A proposal was made for a coil composition to be used in a contactless power supply for a railway vehicle which lessens the influence of the rail by reducing flux leakage. Only magnetic fields were examined to test this proposal [2] . There were constraints, such as current and voltage, when applying the proposal to the system, and it was not possible to use arbitrary parameters in the design of the contactless power supply system. Therefore, analysis of the external circuit was coupled with electromagnetic analysis by finite-element method, and for the composition, consideration was made for implementation in real conditions.
Coil windings
This chapter discusses AC resistance of the coil windings. A comparative examination model for the coil windings was defined, and electromagnetic analysis was conducted employing these models. Some coils were actually produced on which AC resistance measurements were taken.
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Skin effect
If alternating current is passed through a conductor, the current will concentrate on the conductor surface barring any change the magnetic field by the current. This current distribution is decreased toward the inside of the conductor, and, in the case of thicker conductors, that range is denoted by the skin depth found with the following formula [3] .
d: skin depth (m), f: frequency (Hz), m: permeability of the conductor (H/m), s : conductivity of a conductor (S/m). For example, the skin depth at the time of passing a 100 kHz alternating current through a 20 ℃ copper conductor (conductivity 59.5 x10 6 S/m) is about 0.206 mm.
Proximity effect
Skin effect is a phenomenon which arises in a conductor independently. There is another phenomenon however referred to as proximity effect, whereby an eddy current is induced to prevent changes to in magnetic field of the conductors crossed by high frequency when they approach each other. Where conductor thickness is greater than the skin depth as described in the previous section, the influence on the proximity effect becomes more apparent. If the cross-sectional area is constant, AC resistance differs greatly according to the number of the strand divisions [4] .
Comparison of AC resistance

Comparison models
In order to examine AC resistance, six models were prepared using the cables described in Table 1 . Each model was based on the coil made from litz cable (hereafter referred to as LITZ cable) which is used for heating in induction heating cookers (IH cooking heater) as shown in Fig.  1(a) . The coil of each model was wound in the same form as this basic coil (inductance becomes equal) using the cable shown in Table 1 . In order to grasp the characteristics of the coil, cores were not prepared this time. The outside 
Electromagnetic analysis
Electromagnetic analysis by finite-element-method was conducted for the six coil types shown in Table 1 , through which AC resistance was obtained. Due to the analysis conditions, each strand for this examination was insulated.
The analysis conditions were as follows: 
AC resistance measurement of test coil
Coils were wound according to the model shown in Table 1 . Coil AC resistance and DC resistance were measured using a LCR tester (HIOKI 3522-50). AC resistance was measured between the frequencies 1 Hz to 100 kHz at a constant current of 40 mA.
Results of measurements and analysis
The calculation results from electromagnetic analysis and measurement results of the manufactured coils are shown in Table 2 . A resistance ratio R n is used as the AC resistance index representing the ratio of AC resistance to DC resistance. However, because of the conditions of the analysis, the resistance ratio R n in this table represents a ratio of DC resistance to the AC resistance at 5 Hz which is considered to be equal to DC resistance. Inductance was determined by the shape of the coil; its analytical and measured values corresponded well in general, indicating that the modeling accuracy was sufficient. The analytical and measured values for the resistance ratios R n corresponded well for the LITZ cable and the PEW cable which had the same strand insulation conditions during analysis as for real cable, demonstrating that the accuracy of the modeling was sufficient for analysis.
The strand diameter was thicker than the skin depth in the IV cable. Despite the strand insulation conditions for the analysis model differing from real cable, the analytical and measured values agreed. These results reveal that the influence of IV cable insulation is negligible on AC resistance and demonstrated the successful analyses of both the skin and proximity effects.
The number of strands per turn in the KIV and VFF cables is comparatively large. However, as the number of strands per turn increases, the influence of the strand insulation grows, and the analytical value of AC resistance diminishes in comparison to the measured value, distorting the AC resistance evaluation. It is assumed that each strand is insulated for analysis, therefore, if the diameter of the strands decreases, reproducing the influence of the proximity effect becomes increasingly difficult. On the other hand, in a real system, even if the number of strands is subdivided, there is almost no contact between conductors, and the conductor diameter does not decrease electrically with the actual size resulting in a large skin effect and/or the proximity effect influence.
The results of measured coil AC resistance are shown in Fig. 3 . The resistance ratio R n is also used here. Since there is no difference between the cables, the graph corresponding to less than 1kHz is omitted. According to this result, AC resistance of the LITZ cable is low. At about 20kHz which is usually used by induction heating cookers, it is almost equivalent to DC resistance, and at 100 kHz, R n is 2.85. As for the single core PEW cable, AC resistance increases when the frequency exceeds 2 kHz, and R n is 8.3 at 100 kHz. AC resistance of the IV and KIV cables increases more rapidly than the other cables with increase in frequency. R n however was lower in the VFF cable, than in the LITZ cable for all frequency ranges, and was 2.26 at 100 kHz. R n of the KIV cable (single layer) was between that of the KIV cable and that of the LITZ cable.
AC resistance difference in cables
Comparison of the LITZ cable and VFF cable R n from the previous section indicates that, it is not necessary to use LITZ cable to reduce copper loss, when considering AC resistance. Generally speaking it is considered to be important to use a conductor which is thinner than the skin depth to reduce AC loss whereas in fact AC resistance of the LITZ cable and the PEW cable are different at high frequency. On the other hand, common cables such as the VFF cable which, albeit having a small gauge, are composed of bundles of non-insulated cables, and therefore tend to be considered to be equivalent to a conductor which is thicker than the skin depth due to the touching strands. It is usually considered that contact resistance is equivalent to a non-divided conductor. However, judging from this result, the contact resistance of strands is not as low as originally imagined.
AC resistance increase in relation to frequency for the KIV and IV cables differed from the other cables. This phenomenon could in part be explained by the proximity effect produced by the winding structure which is partly doublelayered to make the outside diameter of the coil equivalent to that of the other coils. As such the first experimentally produced KIV cable was rewound as single-layer winding changing the outside diameter. It was this KIV cable (single layer, the same cable length) which was actually used in tests. Consequently the increase in AC resistance corresponded to the rises in frequency in the same way as the other cables, and the value of R n also decreased. Furthermore, it is necessary to pay attention to conductor arrangement in the design of coils.
Coil configuration
This chapter describes the results of a comparative examination by electromagnetic analysis of the characteristics of two power supply systems; one a system containing a common rectangular coil and the other built with a figure-of-eight coil with reduced flux leakage.
The size of contactless power supply systems applied to railways is restricted by external factors such as rolling stock and construction gauges. Taking this into account, the power collection coil in the analysis model was attached to the lower part of the vehicles, and the power supply coil was installed between the rails. The mechanical clearance between the two coils was maintained at 75 mm. The schematic view of the rectangular coil is shown in Fig. 4 , and that of the figure-of-eight coil is shown in Fig. 5 . Each figure shows the front elevation and the top view from the vehicle. The shape of the power supply coil and that of the power collection coil are the same. The specifications of the analysis model are shown in Table 3 . The total coil width of 600 mm is intended to separate the coil from the rail with the aim of lessening the influence of the rail, and the total coil width of 800 mm is intended to use the maximum width with which a coil can be constituted within size restrictions.
Table 3 Specifications of analysis model
Configuration of circuit
Although there are several possibilities which can be considered in terms of circuit configuration for contactless power supply systems, in this paper, a parallel resonance capacitor was set on the load side and a series resonance capacitor was set on the power supply side.
The circuit of the model used for this analysis is shown in Fig. 6 . A circuit which replaces the transformer of this model with a T-type equivalent circuit is shown in Fig. 7 . In this circuit, if winding resistance and iron loss are disregarded, the obtained characteristics are so favorable that the power factor of primary side is always 1 regardless of the load, with xp and xs set up as below (2) and (3) [5] . 
…………………………………………………(3)
In this chapter, analysis is performed with a primary source of constant AC current and a load of constant resistance. 
.3 Transmission characteristics analysis by electromagnetic analysis
In order to investigate the characteristics of the contactless power supply, analysis was conducted through cooperation between finite-element-method analysis and external circuit analysis.
Analysis model
Analysis was conducted on the four models described in Table 3 . In this system, it is assumed that the structure parallel to the rail is homogeneous, making it possible to use two-dimensional analysis. Moreover, in consideration of the symmetrical conditions, 1/2 of the horizontal direction was modeled.
The analysis conditions were as follows: * Number of elements: about 40,000 * Number of nodes: about 120,000 * Relative magnetic permeability of the rail: 1000 * Electrical resistivity of the rail: 1.0 x10 -7 W・m * Relative magnetic permeability of the core: 2200 * Electrical resistivity of the core: 6.0 W・m Current for the purposes of this analysis was equally distributed within the coil conductor, and the eddy current in the conductor was discarded.
Resonant capacitor value vs. transformer ratio and coupling coefficient
The required capacity of the resonant capacitor was calculated from (2) and (3). The resonant value used by these formulae was also calculated through the cooperation between the finite-element-method analysis and the external circuit analysis. In the analysis, a constant current source of 10 kHz, 20 A(RMS) was connected to the power supply coil of the contactless power supply model, and the power supply coil's inductances L s1 and L o1 were calculated when the power collection coil terminal was in short-circuit and open-circuit position, respectively. In the same manner, the power collection coil's inductances L s2 and L o2 were also calculated. Power supply side leakage inductance l 1 , power collection side leakage inductance l 2 and exciting inductance l m were calculated from L s1 , L o1 , L s2 and L o2 . The relationship between these parameters is as follows:
Transformation ratio a and coupling coefficient k are represented as follows:
These results are shown in Table 4 . Each value is per unit length and the results are represented per unit length, unless specified otherwise below. Since there were twice as many coil turns in the rectangular coil as in the figure-of-eight coil, the transformation ratio of the rectangular coil was inversely about 0.5 times as high as the figure-of-eight coil. The coupling coefficient remained within a low range of between 0.4 and 0.5.
Analysis result
(1) Changing the coil width Usually in contactless power supply systems extending the area of the interface between the power supply coil and power collection coil, increases collection power. Figure 8 shows collection power vs. coil width for both the rectangular and figure-of-eight coils. Whereas the collection power of the figure-of-eight coil grew as the facing area was extended, it decreased in the case of the rectangle coil. The rectangular coil manifests considerable leakage flux, so when coil width increases, the effect of leakage flux produced by proximity of the rail to the coil exceeds the effect produced by increasing the facing area. Figure 9 shows the loss and its factors. In the case of the rectangular coil, rail loss increases with coil width, resulting in no increase in collection power. These results indicate that the limited area between the rails could be effectively used by the figure-of-eight coil.
(2) Changing the frequency Judging from the results described in subsection 4.3.3 (1), the characteristics of the figure-of-eight coil with 800 mm width are good. Although a 10 kHz power supply frequency was employed for the above analysis from a power convertor loss viewpoint, lowering power supply frequency would be preferable. On the other hand, increasing the frequency should be also considered in order to improve transmission efficiency. Consequently the transmission characteristics of the figure-of-eight coil with 800 mm width were analyzed at frequencies of 5 kHz, 10 kHz and 20 kHz. Transmission efficiency and collection power are shown in Fig. 10 , and Figure 11 shows the losses and loss factors. Even if the frequency is raised from 10 kHz to 20 kHz, there is little difference. However, if the frequency is 5 kHz, the induced voltage of the power collection coil falls. For this reason, if coil current is increased to obtain the same output, this results more copper loss and a fall in efficiency. In recent R e c t a n g u la r c o il R e c t a n g u la r c o il years, since reduction of power converter loss has been promoted, as represented by power converters using SiC, it is not required to have unnecessarily low frequencies. Furthermore, because of restrictions imposed by the Radio Act in Japan [6] [7], 10 kHz is currently considered to be one index.
Conclusions
This paper discusses coil configurations for contactless power supply systems in railways with a view to resolving power loss and cutting costs. As a result, insight was gained into the following points:
(1) Instead of the expensive LITZ cable composed of insulated strands which is conventionally used as winding material, coils could be constituted of low cost cables such as VFF cable which consists of thin non-insulated strands. (2) Losses can be cut by using figure-of-eight shaped coils which reduce flux leakage. Furthermore figure-of-eight coils can be installed effectively between the rails, making the most of the available space on the track. Based on this study, further power collection tests are to be conducted on the RTRI test line.
